early drafts of this article; and B. Paradis for insights into the conventional wisdom of top human poker players. The functional capacity of a battery is observed to decrease, often quite dramatically, as discharge rate demands increase. These capacity losses have been attributed to limited ion access and low electrical conductivity, resulting in incomplete electrode use. A strategy to improve electronic conductivity is the design of bimetallic materials that generate a silver matrix in situ during cathode reduction. Ex situ x-ray absorption spectroscopy coupled with in situ energy-dispersive x-ray diffraction measurements on intact lithium/silver vanadium diphosphate (Li/Ag 2 VP 2 O 8 ) electrochemical cells demonstrate that the metal center preferentially reduced and its location in the bimetallic cathode are rate-dependent, affecting cell impedance. This work illustrates that spatial imaging as a function of discharge rate can provide needed insights toward improving realizable capacity of bimetallic cathode systems. (4) , as well as numerous bimetallic sulfates (5, 6)-are being explored for use in high-voltage electrodes; however, high electronic resistance and low volumetric capacity are two inherent limitations that have been observed in these materials. Various strategies have been implemented to facilitate ion access through the use of nanosized materials and for mitigation of resistance on a practical level, including intimate mixing or coating with conductive carbon (7) . Substantial gains in power output were achieved, albeit at the expense of gravimetric and volumetric energy density.
An alternate conceptual approach is the rational design of multifunctional bimetallic polyanion framework materials in which a redox active center offering the opportunity for multiple electron reductions per formula unit (i.e., vanadium) is used in conjunction with a redox active center that reduces to form a conductive metal (i.e., silver) (8) . Design of active cathode materials that form conductive networks in situ can reduce or potentially eliminate the need for conductive additives that do not add to the capacity of the cell and require additional processing, thereby providing a greater overall energy density. One such polyanionic material, silver vanadium diphosphate (Ag 2 VP 2 O 8 ), displays a reduction displacement mechanism (9) in which both vanadium and silver are reduced during the discharge process. The overall reduction processes can be expressed as Ag 2 conductive matrix (i.e., uniformly distributed throughout the cathode) is expected to improve the realizable capacity by using the entire cathode. The first task in this regard is identification of an appropriate marker to track the discharge process. The Ag 0 metal product formed upon discharge is a strong x-ray scatterer, and as such its presence can be detected in small amounts (10, 11) . In previous studies, it was shown that pure Ag 2 VP 2 O 8 cathodes free from binders and conductive additives can be discharged, facilitating direct interrogation of the progress of the active material reduction process via tracking of silver metal as a reduction product by using thick cathode pellets (0.5 mm) to enable spatial visualization of the discharge progress within an active electrode (12) . This study explores the effect of discharge rate and combines spatially resolved in situ energydispersive x-ray diffraction (EDXRD) data with ex situ x-ray absorption spectroscopy (XAS) measurements to elucidate the conditions under which a more optimal conductive network can be formed. We will show that these techniques offer an approach for the exploration of active materials by providing information about the redox mechanism as well as the location of the reactivity within the electrode. These techniques could be applied to other bimetallic electrode materials for which the rate of discharge may influence the reduction mechanism and affect its performance.
Li/Ag 2 VP 2 O 8 cells were discharged at C/168, C/608, and C/1440 rates ( fig. S1 ). The fastest discharge rate (C/168, 7-day) was used to provide a condition with notable evidence of polarization, whereas the slower rates (C/608, 25-day; C/1440, 60-day) were used to provide conditions with reduced polarization. It is noted that higher battery volumetric energy density can be achieved through the use of thicker cathodes and minimizing inert components. Thus, appropriate discharge rates were selected for this high-capacity cell design containing pure Ag 2 VP 2 O 8 cathodes free from binders and conductive additives. The ac impedance results further highlight the effect of discharge rate (table S1), with details concerning the equivalent circuit fits provided in the supplementary materials and methods. The ac impedance data was fit to the equivalent circuit pictured in fig. S2 . Upon partial discharge [0.5 electron equivalents (elec. equiv.)], the value of the charge transfer resistance (R ct ) decreases by more than three orders of magnitude, from~1 megohm in the nondischarged cell to <10 kilohm for the cells discharged at C/168 and C/1440. However, when comparing the fast-discharged (C/168) and slowdischarged (C/1440) cells, R ct is three times higher in the cell discharged at the faster rate at the same discharge level, indicating considerably higher impedance resulting from the faster discharge rate.
Energy-dispersive x-ray diffraction can be used to achieve spatial resolution of the electrochemical reduction process within the electrode inside an intact electrochemical cell. White-beam radiation coupled with a synchrotron "wiggler" insertion device emits high-energy radiation, which can penetrate bulk engineering materials such as steel, enabling in situ measurement of conventionally designed prototype and production-level batteries (13) to obtain a tomographic profile as a Fig. 1 . Experimental setup and EDXRD spectra resulting from in situ measurements. EDXRD spectra obtained within three coin cells: (A) the nondischarged cell, (B and C) two different locations within a cell discharged to 0.5 elec. equiv. at C/1440, and (D to F) three different locations within a cell discharged to 0.5 elec. equiv. at C/168. Spectra were obtained every 20 mm through the cathode; for clarity, only half of the scans are presented in the figure. Spectra toward the top of the figure (red hues) were obtained within the side of the cathode closer to the stainless steel coil cell top, and spectra toward the bottom of the figure (black hues) were obtained closer to the Li anode.
function of both depth of discharge and spatial location within the electrode (13, 14) . In situ EDXRD was measured at several x-direction locations spaced 3 mm apart in several stainless steel coin cells with Ag 2 VP 2 O 8 cathodes discharged to 0.5 elec. equiv. (Fig. 1) . At each location, spectra were collected in 20-mm increments through the thickness of the electrode. For comparison, an as-prepared (not discharged) cell was also analyzed by EDXRD.
The nondischarged cell shows a uniform diffraction pattern throughout the cathode thickness (Fig. 1A) , with differences apparent only in the first (black) scan [Ag(111) peak apparent at 1/d = 0.4239 Å (where d is the interplane spacing in the crystal lattice)], indicating formation of some Ag 0 near the cathode surface at the side opposing the anode (12) . The source of this diffraction peak was further investigated. Previous studies of bimetallic silver vanadium oxide materials have shown that the silver ion can dissolve into the electrolyte due to ion exchange and dissolution (15) . Once the silver ion is in solution, it migrates to the anode surface and is reduced at the anode, forming a silver metal layer. Thus, it is likely that the silver metal that appears near the cathode surface is actually located at the anode surface and appears near the cathode surface due to a small amount of cell tilt during the EDXRD experiment. Ex situ analysis of the cathode of a nondischarged cell showed small numbers of dark spots on the surface where the inhomogeneous distribution of reduction products at the cathode surface is identified with optical images of cathode pellets ( fig. S3 ). The presence of silver metal could not be identified by ex situ x-ray diffraction (XRD), providing further support that the silver metal observed near the cathode-anode interface by EDXRD may be due to silver metal deposited on the anode. The spectra for the two positions in the slowerdischarged cell (Fig. 1, B and C) are similar. The Ag(111) peak intensity at 1/d = 0.4239 Å relative to the intensity of the Ag 2 VP 2 O 8 peaks is also similar between the two positions. In contrast, at the faster discharge rate (C/168), the intensity of the Ag(111) peak varies greatly between the three positions. At position 1 (Fig. 1D) , the intensity of the Ag peak is larger than that observed at positions 2 ( Fig. 1E) and 3 (Fig. 1F) . To further clarify this point, the intensities of several characteristic peaks as a function of beam position along the z direction for the slow-and fastdischarged cells were determined (Fig. 2) . Details are provided in the supplementary materials and methods section.
The three x-direction locations in the cell discharged at the faster rate show a large spatial distribution of silver ( Fig. 2A) : At location 1, the intensity of the Ag(111) peak is higher than that of the Ag 2 VP 2 O 8 peak. At location 3, the intensities are comparable, whereas at location 2, the Ag(111) peak is absent through most of the bulk of the cathode. The intensity of the Ag 2 VP 2 O 8 peaks is also lower at location 1 than at locations 2 and 3, indicative of a heterogeneous (nonuniform) discharge process under the higher (C/168) discharge rate. In contrast, the results from the cell discharged at the slower rate (Fig. 2B) show a much more uniform discharge across the cathode, with similar spatial distributions of Ag 0 corresponding to comparable local depths of discharge. This uniformity allows for a more complete discharge of the active material by providing electron access to more of the active material simultaneously, thereby increasing the functional capacity of the cell.
The thickness of the cathode is uneven in the cell discharged at the faster rate. From the onset and offset of the Ag 0 and Ag 2 VP 2 O 8 intensities, the cathode is~60 mm (~10%) thicker at location 1 than it is at location 2, where location 1 shows the lowest intensity of Ag 0 through the thickness of the cathode (Fig. 2A) . Complete discharge from Ag 2 VP 2 O 8 to Li 2 VP 2 O 8 (corresponding to total replacement of Ag by Li) would result in >8% decrease in the interlayer spacing, where microscale particle fracture may result from the crystallographic stress (9) . Thus, we conclude that the uneven swelling of the cathode is related to the local depth of discharge (DOD), potentially due to fracturing of the particles of Ag 2 VP 2 O 8 as they discharge. In the cell discharged at the slower rate, there is no difference in thickness between the two positions, suggesting uniform interlayer spacing through the active material (Fig. 2B) .
In every discharged cathode, the Ag(111) peak is much broader than the nearby Ag 2 VP 2 O 8 peaks, indicative of small Ag particles on the order of several nanometers (Fig. 1) . The size of the Ag 0 crystallites within the cathodes was determined from the broadening of the Ag(111) peak by applying a derivation of the Scherrer equation in reciprocal space (see supplementary materials and methods for details). This derivation was included as the Scherrer equation is typically used for diffraction data collected at a fixed wavelength, unlike the data reported here. In the cell discharged at the slower rate, we determined that the crystallite size was~10 to 14 nm at both horizontal locations and did not vary appreciably through the thickness of the cathode (Fig. 2B ). In the cell discharged at the faster rate, however, the crystallite size varied greatly between the three locations: At location 1, the crystallites were~5 nm, whereas at location 2, there were crystallites larger than 500 nm (Fig. 2A) .
To complement these data, ex situ x-ray powder diffraction spectra were acquired (Fig. 3) . During this process, the complete cathodes from an as-prepared cell and cells tested to various depths of discharge under slower (C/1440) and faster (C/168) discharge rates were removed and ground before measurement (see supplementary materials and methods section for details).
The cathode that had not been discharged was found to be pure Ag 2 VP 2 O 8 , with no Ag 0 detected. As the cells are discharged, the intensity of the Ag 2 VP 2 O 8 peaks decreases, indicating that the active material becomes amorphous on discharge, as determined by XRD (Fig. 3, A and B (18) . Under both discharge rates, an increase in the Ag(111) peak area was observed, consistent with the formation of additional silver on discharge (Fig. 3C) . In the discharged materials, the Ag 0 crystallite size ranged from 5 to 20 nm, consistent with the 7-to 8-nm crystallite size of Ag nanoparticles found in pure, graphite-free cathodes composed of the related material Ag 2 VO 2 PO 4 (8) . Under the slower discharge rate (C/1440), the silver crystallite size remained constant in the cells discharged to 0.1 and 0.5 elec. equiv., whereas under the faster discharge rate, a measurable decrease in average Ag crystallite size was observed in the cells discharged to 0.1, 0.5, and 1.0 elec. equiv. Under the faster rate, we propose that additional heterogeneous nucleation sites are generated as a result of particle fracture upon local discharge of Ag 2 VP 2 O 8 to Li 2 VP 2 O 8 . These nucleation sites promote formation of additional small silver crystallites, leading to a smaller average crystallite size for the overall population as a function of discharge. In contrast, under the slower rate, the material discharges more uniformly, with lower local stresses. Thus, a consistent Ag 0 crystallite size is observed throughout. The ex situ XRD results also suggested a difference in discharge mechanism of the bimetallic material due to a slight increase in the amount of Ag 0 present at the slower discharge rate than at the faster discharge rate at the same depth of discharge (Fig. 3C) . To confirm these results the relative amount of Ag 0 and Ag + and the ratio of V 3+ /V 4+ were measured in discharged cathodes from cells discharged at three rates (C/168, C/608, and C/1440) and were compared with as-formed Ag 2 VP 2 O 8 powder that was never placed in a cell and Ag 0 powder as references, using the oxidation state-sensitive measurements of XAS at the Ag K-edge and x-ray fluorescence spectroscopy (XRF) at the V K-edge (Fig. 4) .
As Ag 2 VP 2 O 8 is discharged and Ag + is reduced to Ag 0 , more than eight discrete isosbestic points can be observed in these spectra (Fig. 4, A and B) . These points are an indicator that the silver in these pellets exists as a linear combination of two states: octahedrally coordinated Ag + found in Ag 2 VP 2 O 8 and metallic (BCC) Ag 0 found in silver metal (19, 20) . As asymmetry increased as a function of oxidation state in vanadium oxides, the intensity of the pre-edge peak for the V K-edge (Fig. 4C) can be used to determine oxidation state changes (21, 22) . Because the V-O bond lengths in Ag 2 VP 2 O 8 are more anisotropic than those in either V 2 O 3 or VO 2 , the pre-edge peak intensity is greater, and these materials cannot be used as standards. Therefore, we compare only this peak intensity among Ag 2 VP 2 O 8 samples discharged at different rates to look for small changes to the oxidation state. We observe no measurable change in the pre-edge peak intensity until a DOD of 1.0 elec. equiv., providing further evidence that at low DOD, Ag + reduces preferentially over V
4+
.
Another feature showing subtle changes with discharge is the post-edge shoulder highlighted in Fig. 4D . The post-edge peak (white line) has been assigned as the 1s → 4p transition and the shoulder as the 1s → 4p shakedown transition (21, 22) . In our data, we see the height of this shoulder increasing as a function of DOD. Although this is not an indicator of oxidation state, shakedown transitions are associated with metalto-ligand charge transfer; thus, these changes to the shoulder may be related to slight distortions in the density of states near the vanadium atoms. Previous studies have shown similar changes to the white line/shoulder feature: One study of the lithiation of Li x V 6 O 13 showed a similar feature and assigned it to a possible ligand field splitting effect (23) . The height of the shoulder is greater in cells discharged at the faster rate, indicating a greater effect on the local vanadium environment.
Linear combination fitting (LCF) was applied to the Ag and V K-edge data to gain additional information regarding changes in oxidation state as a function of discharge (Fig. 5) . Because the silver transitions directly between two states, the ratio of Ag + to Ag 0 present in each sample could be determined using nondischarged Ag 2 VP 2 O 8 and an Ag foil as the end members in a linear combination fit (Fig. 5A) . To estimate the ratio of V 3+ to V
, we used as-prepared Ag 2 VP 2 O 8 as the V 4+ standard and Ag 2 VP 2 O 8 discharged fully to 3 elec. equiv. at C/608 as the V 3+ standard when performing LCF on the V K-edge (Fig. 5B) .
Linear combination fitting indicates that Ag + begins to reduce even at the lowest DOD measured in this study and increases monotonically as DOD increases (Fig. 5A ). For cells discharged at the slower rate, the linear combination fits show a greater amount of Ag 0 at the same DOD compared with the cells discharged at the faster rate, consistent with the observation of greater Ag 0 intensity by EDXRD in the slow-discharged cell, particularly at the anode interface (Fig. 3) . As DOD increases, this difference becomes more apparent; at 1 electron equivalent, there is twice as much Ag 0 in the cells discharged at the slower rate. The Ag 0 content of the cells discharged at the two slower rates (C/608 and C/1440) is consistent, as expected based on the overlapping discharge curves (fig. S1 ). For the cells discharged at C/608, the Ag 0 content remains consistent between 2 and 3 elec. equiv., indicating that most of the silver has reduced by 2 elec. equiv. of discharge.
As with Ag reduction, the amount of V 3+ present in the samples is comparable for the two slower rates (C/608, C/1440) and is, as expected, lower than the amount of V 3+ in the cells discharged at the faster rate (C/168) (Fig. 5B ). There is a sharp upturn in the amount of V 3+ above 2 elec. equiv., consistent with our previous conclusion that by 2 . Although at all discharge rates both reduction processes occur, the ratio of the reduction of silver to that of vanadium changes with discharge rate where the reduction of Ag + is favored by slower discharge rates. The spatial distribution of Ag 0 is more uniform in the cell discharged at the slower rate, indicating a comparatively even discharge throughout the cathode with consistent Ag 0 crystallite size. In the cell discharged at the faster rate, nonuniform reduction is observed with regions of higher and lower local Ag 0 content, leading to more and less favorable electron conduction pathways through the thickness of the cathode. Upon further discharge, reduction will continue to occur preferentially at these favorable locations with enhanced electron access, with incomplete use under high rate discharge as a consequence.
By combining in situ EDXRD with ex situ XRD and XAS measurements, we are able to visualize the formation of the conductive silver matrix within the Ag 2 VP 2 O 8 electrode and elucidate a rate-dependent discharge mechanism. The results of this study show that by using lower current densities early in the discharge of a multifunctional bimetallic cathode-containing cell, it is possible to preferentially form metallic silver that is more evenly distributed, resulting in the opportunity for more complete cathode use and higher functional capacity. Thus, this approach can be extended to other bimetallic and polyanionic electrode materials to probe their discharge mechanisms and spatially resolve changes as a function of usage profile, providing the insight needed to optimize these materials for their use in the next generation of batteries. Complex three-dimensional (3D) structures in biology (e.g., cytoskeletal webs, neural circuits, and vasculature networks) form naturally to provide essential functions in even the most basic forms of life. Compelling opportunities exist for analogous 3D architectures in human-made devices, but design options are constrained by existing capabilities in materials growth and assembly. We report routes to previously inaccessible classes of 3D constructs in advanced materials, including device-grade silicon. The schemes involve geometric transformation of 2D micro/nanostructures into extended 3D layouts by compressive buckling. Demonstrations include experimental and theoretical studies of more than 40 representative geometries, from single and multiple helices, toroids, and conical spirals to structures that resemble spherical baskets, cuboid cages, starbursts, flowers, scaffolds, fences, and frameworks, each with single-and/or multiple-level configurations.
C ontrolled formation of 3D functional mesostructures is a topic of broad and increasing interest, particularly in the past decade (1) (2) (3) (4) (5) (6) (7) (8) (9) . Uses of such structures have been envisioned in nearly every type of micro/ nanosystem technology, including biomedical devices (10-12), microelectromechanical components (13, 14) , photonics and optoelectronics (15) (16) (17) , metamaterials (16, (18) (19) (20) (21) , electronics (22, 23) , and energy storage (24, 25). Although volumetric optical exposures (4, 6, 19) , fluidic self-assembly (3, 26, 27) , residual stress-induced bending (1, 13, 21, 28-31), and templated growth (7, 8, 32 ) can be used to realize certain classes of structures in certain types of materials, techniques that rely on rastering of fluid nozzles or focused beams of light provide the greatest versatility in design (5, 6) . The applicability of these latter methods, however, only extends directly to materials that can be formulated as inks or patterned by exposure to light or other energy sources, and indirectly to those that can be deposited onto or into sacrificial 3D structures formed with these materials (5, 6, 18, 19) . Integration of more than one type of any material into a single structure can be challenging. Furthermore, the serial nature of these processes sets practical constraints on operating speeds and overall addressable areas. These and other limitations stand in stark contrast with the exceptional fabrication capabilities that exist for the types of planar micro/nanodevices that are ubiquitous in stateof-the-art semiconductor technologies. Routes to 3D mesostructures that exploit this existing base of competencies can provide options in highperformance function that would otherwise be unobtainable.
Methods based on residual stress-induced bending are naturally compatible with modern planar technologies, and they offer yields and throughputs necessary for practical applications. Such schemes provide access to only certain classes of geometries, through either rotations of rigid plates to yield tilted panels, rectangular cuboids, pyramids, or other hollow polyhedra, or rolling motions of flexible films to form tubes, scrolls, or related shapes with cylindrical symmetry [for reviews, see (1, 9, 13) ]. Here, we present a different set of concepts in which strain relaxation in an elastomeric substrate simultaneously imparts forces at a collection of lithographically controlled locations on the surfaces of planar precursor structures. The resulting processes of controlled, compressive buckling induce rapid, large-area geometric extension into the third dimension, capable of transforming the most advanced functional materials and planar microsystems into mechanically tunable 3D forms with broad geometric diversity.
As a simple illustrative example, we present results of finite-element analyses (FEAs) (33) of the steps for assembly of a pair of 3D conical helices made of monocrystalline silicon in Fig. 1A . The process begins with planar micro/ nanofabrication of 2D filamentary serpentine silicon ribbons (2 mm thick, 60 mm wide), with spatial gradients in their arc radii. Lithographically defined exposure of these structures to ozone formed using ultraviolet light creates precisely controlled patterns of surface hydroxyl terminations at strategic locations (red dots in Fig. 1A ) along their lengths. A soft silicone
